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EXPERIMENTAL INVESTIGATION OF THE VIBRATION CHARACTERISTICS
OF A MODEL OF AN ASYMMETRIC MULTIELEMENT SPACE SHUTTLE

Ulysse J. Blanchard, Robert Miserentino,
and Sumner A. Leadbetter
Langley Research Center

SUMMARY

Experimental results are reported for vibration investigations of a 1/8-
scale dynamic model of an asymmetrical multielement space shuttle. Natural fre-
quencies, mode shapes, and structural damping are presented for modal tests of
the model at several flight conditions which include a four-element configura-
tion and a two-element configuration. Results of limited transfer-function
tests also are presented.

Ma jor findings include the large influence on overall motions of local
deformations in the vicinity of element interstages, high modal density in the
low frequency regime, low structural damping, and relatively high responsiveness
of the orbiter crew-cabin area to dynamic-force inputs. Resonant frequencies
generally increase with decreasing propellant masses and staging of elements.

INTRODUCTION

The structural dynamic characteristics (resonant frequencies, mode shapes,
and damping) of launch vehicles must be understood during vehicle development,
because these are fundamental to the prevention of aerocelastic and pogo insta-
bilities and for the prediction of dynamic loads during flight operations. Ana-
lytical representations used to determine the vehicle structural dynamic charac-
teristics must be verified to insure their adequacy. Test data, to evaluate
these analyses, are often obtained from ground vibration tests of prototype
flight vehicles relatively late in the development program. A more expedient
method for validating analytical representations is the use of dynamically
scaled models as described in references 1 and 2. This method has been used
with a high degree of success on several launch vehicles, as indicated in
references 3 to 7.

Composed of four large elements Jjoined asymmetrically at discrete inter-
stages, this space shuttle vehicle presents several new challenges to the ana-
lyst. To assess the analytical modeling procedures and to provide test data to
improve the understanding of the static and dynamic behavior of shuttle-type con-
figurations, a 1/8-scale dynamic model of an early shuttle-vehicle concept was
designed and fabricated for investigations at the NASA Langley Research Center.
Model details are given in reference 8. Results from vibration studies of the
1/8-scale solid rocket booster (SRB) elements are reported in references 9 and
10, of the external tank (ET) element in reference 11, and of the orbiter (Orb.)
element in references 12 to 16.



Since the vibration characteristics of the individual elements have been
determined separately, it now is necessary to define the overall dynamic charac-
teristics of the mated-vehicle elements for several flight conditions. There-
fore, a vibration investigation of mated configurations of the model was con-
ducted to determine the possible effects of interstage geometry, individual
element motions, and flexibilities of local structure. Additionally, transfer
functions were obtained for one flight condition to determine response sensitiv-
ity of critical locations on the vehicle.

This paper describes the model, the model suspension system, and the equip-
ment used to conduct vibration tests of the mated-vehicle model. Vibration data
are presented for two mated-vehicle configurations (a four-element configuration

and a two-element configuration) at five mass conditions. These conditions repre-

sent flight times from 1ift-off to preorbit. The experimental results and some
of their relationships are discussed.

SYMBOLS AND ABBREVIATIONS

A,B,C mode response

g gravitational acceleration

My roll moment

Amax maximum dynamic pressure

t thickness

X,Y,Z longitudinal, lateral, and vertical axes, respectively
X,¥,2 distances along longitudinal, lateral, and vertical axes, respectively
Abbreviations:

AS mode shape antisymmetric to X-Z plane

ET external tank

L left

LH» liquid hydrogen

LO> liquid oxygen

OMS orbital maneuvering system

Orb. orbiter

R right

S mode shape symmetric to X-Z plane



SRB solid rocket booster

sta. station, point on longitudinal axis of element

MODEL DESCRIPTION

The complete 1/8-scale dynamic model is shown in figure 1. Nonstructural
plastic fairings, which are removed during tests, complete the general contours
of the vehicle. The general arrangement and overall dimensions of the mated-
vehicle model are shown in figure 2. The assembled model has a lift-off mass of
3975 kg, is 7.3 m long, and consists of four major elements; two solid rocket
boosters (SRB's), one external tank (ET), and one orbiter (Orb.). The model
design is based on an early space shuttle concept. The model is unpressurized.
Design details, including construction drawings, of the model elements are pre-
sented in reference 8. Photographs and descriptions of structural features of
the model elements are available as follows: SRB's in references 9 and 10, ET
in reference 11, and orbiter in references 12 to 16. Brief descriptions of the
model elements and details of features or areas of the model pertinent to the
present investigation are presented herein.

Scaling

The dynamic scaling relationships between the models (SRB, ET, and Orb.)
and the full-scale vehicle are shown in table I. These relationships are
obtained from a dimensional analysis of the parameters that affect the dynamic
behavior of the structure. Extrapolation from model test data to full-scale
vehicle is accomplished by using these scaling relationships directly. It
should be noted that some scaling representations have been compromised because
of simplifications of the model. The model was designed to retain the signifi-
cant structural dynamic characteristics although many local structural details
were omitted. Detailed structural representation in the elements diminishes
in the following order: ET, Orb., and SRB's. Some examples of simplifications
are

(1) In most cases constant skin thicknesses were used in lieu of stepped
thicknesses or ring-reinforced skins.

(2) Some liberty was taken in representing stiffness characteristics to
avoid the expense of modeling exactly scaled small parts.

(3) Aluminum is used in place of steel for the SRB propellant cylinder
(noted in table I).

(4) The SRB model consists of a forward skirt, a continuous propellant sec-~
tion, and an aft skirt; whereas, the full-scale version consists of a forward
nose cone and skirt, six propellant sections, and an aft propellant segment
which also contains the engine section.

As noted in table I, hydrostatic pressure in the model tanks is one-eighth
of the full-scale value. For proper scaling of the hydrostatic pressure, the



model would have to be tested in an 8g gravity field. Pressure can have a sub-
stantial effect on the vibration frequency of shell modes (ref. 17). Because of
this scaling of hydrostatic pressure, resonant shell frequencies of the liquid-
containing tank will be lower in relation to overall mode frequencies.

Model Elements

' Assembly of the SRB and ET elements is shown in figures 3, 4, and 5.
A photograph of the orbiter with the cargo-bay door removed is shown in fig-
ure 6. The assembly sequence is as follows: erection and alignment of the
SRB's (fig. 3), attachment of the intertank skirt between the SRB's and con-
nection of the LHpo-tank/aft-skirt assembly to the bottom of the intertank skirt
(fig. 4), connection of the orbiter to the LH, tank (connection points indicated
in fig. 4), and finally, attachment of the LO, tank atop the intertank skirt as
illustrated by figure 5. Sketches of the SRB, ET, and orbiter elements showing
the location of pertinent stations, components, element interstages, and overall
dimensions are presented in figures 7, 8, and 9. These figures also show the
orientation of orthogonal axes for the elements. The axes for the mated-vehicle
model are designated in figure 2. Loads, deflections, or accelerations . will be
discussed in terms of longitudinal, lateral, and vertical directions. Typical
gages of structural material for the three elements are presented in table II,
and masses of major componen*s are listed in table TIII.

Solid rocket booster.- The solid rocket booster elements consist of three
structural components: a forward skirt, a propellant cylinder, and an aft skirt
(see figs. 3, 4, and 7), each made of aluminum. A propellant cylinder is com-
posed of an outer casing, an interior inert cylindrical propellant layer, and
two machined end rings for attachment to the skirts. The outer casings are four
preformed cylindrical sectors welded together to form a cylinder having two lon-
gitudinal welds and one midpoint circumferential weld. The skirts are riveted
structures consisting of cylindrical and conical skins covering ring frames,
with local reinforcement in the regions of external tank connections and at
the support carriage tie-down points (figs. 1 and 3). The reinforcements for
improved load distribution are generally skin doublers, built-up frames, or lon-
gerons. The support carriage is used only during model reconfiguration opera-
tions. Additional structural details are presented in references 8, 9, and 10.

External tank.- The external tank element consists of four major components
which are separable as indicated schematically in figure 8: liquid-oxygen (LO5)
tank, intertank skirt, liquid-hydrogen (LHp) tank, and aft skirt. The LO» tank,
shown in figure 5, is a monocoque, welded aluminum structure. The intertank
skirt, LH, tank, and aft skirt (figs. 4 and 5) are ring-frame stiffened cylin-
ders of riveted aluminum construction. The intertank skirt contains the forward
ET/SRB interstage connections. The LH, tank provides interstage connection
points for the orbiter element. (See figs. 4 and 8.) The aft skirt contains
the aft ET/SRB interstage connections. Additional structural details are pre-

sented in references 8 and 11.

Orbiter.- The orbiter element, shown in figure 6, is primarily a riveted
aluminum structure consisting of thin sheets supported by frames, longerons,
spars, or ribs. There is a minimum use of intermediate skin stiffeners. The
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primary component assemblies, shown schematically in figure 9, are the
fuselage/fin, cargo-bay door, wing, and payload simulation. The fuselage
component, constructed mainly of sheet aluminum attached to frames and longe-
rons, also has ballast masses installed to represent miscellaneous crew-cabin
components and the orbital manuevering system (OMS) modules as shown in fig-
ures 6 and 9. The fin structure of the model represents the structure from the
fuselage juncture to the center of gravity of the full-scale orbiter fin. A
mass attached to the tip of the fin (fig. 9) represents the remaining fin struc-
ture. The cargo-bay door (fig. 9) is comprised of seven sheet segments attached
to semicircular frames to form a semicylindrical shell. The design of the eight
doorframes allows expansion in the longitudinal direction and thereby offers lit-
tle resistance to fuselage bending but provides resistance to fuselage torsion.
The wing panels each consist of sheet aluminum attached to six spars and four
ribs. 1Internal ballast, attached to the spars and ribs, provides the properly
scaled wing mass including items such as thermal protection system (TPS) panels,
landing gear, and wing flaps. A payload is represented by a simple box beam
equipped with cargo-bay attachment brackets. The simulated payload represents
the maximum full-scale mass capacity (58.17 kg). Additional structural details
of the orbiter element are presented in references 8 and 12 to 16.

Model Element Interstages

An interstage includes all the structure connecting two elements and their
attachments. Points of load application and load direction at the Orb./ET and
SRB/ET interstages are shown schematically on the ET in figure 10. Photographs
of the assembled Orb./ET and SRB/ET interstages are shown in figures 11 and 12,
respectively.

Orbiter/external-tank interstages.- The Orb./ET interstages, forward and
aft, are located within the liquid-hydrogen tank component of the ET. The for-
ward interstage at ET sta. 3.778 m is a universal joint (fig. 11(a)) which trans-
mits vertical and lateral loads. At the Orb./ET aft interstage (fig. 11(b)) the
drag link fitting, extending from ET sta. 5.821 m to 6.242 m, transmits longitu-
dinal and lateral loads. Also, at ET sta. 6.242 m of the same interstage, out-
board roll struts connecting the orbiter wing root to the sides of the ET trans-
mit vertical loads and roll moments. Figure 13 shows internal members of the
partially fabricated liquid-hydrogen tank and the three major ring frames,
located at ET sta. 3.778, 5.821, and 6.242 m, which provide support for the
orbiter. The major aft frames at ET sta. 5.821 and 6.242 m are reinforced by
internal struts in a triangular pattern to distribute the orbiter load. The
tank skin is chemically milled to be thicker on the side adjacent to the orbiter
(top skin sector in fig. 13). The area of thick upper skin expands from a
small, rectangular area at the forward orbiter connection to cover about one-
third of the tank circumference at the aft connection.

Solid-rocket-booster/external-tank interstages.- The SRB/ET interstages,
forward and aft, are at the intertank skirt and aft skirt of the ET, respec-
tively. The forward SRB/ET interstage located at ET sta. 2.539 m (fig. 10) is
a pin and ball arrangement which transfers vertical, lateral, and longitudinal
loads. Photographs in figures 14 and 15 show structural details of the SRB and
ET, respectively, in the vicinity of this interstage.




Loads are distributed through the SRB forward skirt by the cantilevered
interstage pin, a longeron, a ring frame, and the stepped skin thicknesses
shown in figure 14. The longeron has a variable cross-sectional area which is
a maximum at the forward interstage frame in the vicinity of the connection pin.
(See fig. 14.) Skin thickness varies in this area from the basic 0.102 cm to
0.478 cm at the pin. The interstage frame is formed of back-to-back channel
members cylindrically reinforced by a partial inner spacer.

Loads are distributed through the intertank structure of the ET by a self-
aligning bearing, a partial longeron, the stepped skin thicknesses, and an inter-
nal frame and strut arrangement shown in figure 15. The skin of the intertank
skirt increases in thickness near the bearing of the SRB/ET connection. A
machined partial longeron transmits load from the skin to both the model suspen-
sion lug and the interstage pin bearing. A heavy frame consisting of back-to-
back channels is located within the intertank skirt (lower photograph of fig. 15)
at the SRB/ET forward interstage. This frame also has a lateral strut extending
between the interstage points to distribute the forward SRB loads.

The aft SRB/ET interstage connection (fig. 12(b)) located at ET sta. 6.883 m
(fig. 10) is a three-link combination (two parallel and one diagonal) which trans-
mits vertical and lateral loads and roll moments. All strut ends have self-
aligning bearings. The aft ET skirt has a major frame (back-to-back channels)
at ET sta. 6.883 m and a pair of internal lateral struts which distribute aft SRB

loads.

Propellant and Fuel Simulations

Inert solid propellant (UTI-610), manufactured by Chemical Systems Division
of United Technologies Corporation, is used to represent various propellant-
mass conditions of the SRB's during flight. (See table III.) Cylindrical pro-
pellant layers are bonded to the inner walls of six propellant cylinders. The
lift-off, mid-boost, and end-boost mass conditions are each represented by a
pair of cylinders. The inert propellant material consists of essentially the
same binder-curative components as the flight propellant (UTP-3001). In the
inert UTI-610 propellant, sodium chloride and ammonium sulfate are substituted
for ammonium perchlorate (oxidizer of the flight propellant). Detailed discus-
sions of the viscoelastic properties of the inert propellant are presented in
references 9, 10, and 18.

Liquid oxygen, which has a specific gravity of 1.14, was simulated with
deionized water in the 1/8-scale tank. Because water has a lower density than
liquid oxygen, the dimensions of the LO, tank were adjusted to provide scaled
LOo weight. This adjustment was considered an adequate and manageable represen-
tation for the purposes of the test program.

The very low density of liquid hydrogen (specific gravity, 0.071) usually
makes precise simulation unnecessary (ref. 7). However, a simulated mass and
mass distribution were provided by filling the 1/8-scale liquid-hydrogen tank
with polystyrene beads having the desired bulk density (specific gravity, 0.072).

The LO, and LH, tanks were unpressurized for all of the tests.
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TEST APPARATUS AND PROCEDURE

Vibration tests were conducted in the Langley structural dynamics research
laboratory (SDRL). The 1/8-scale shuttle model is shown installed in the test
facility (fig. 16). The suspension and handling system, data acquisition and
reduction system, test procedure, and test conditions are described in the fol-
lowing sections.

Model Suspension and Handling System

Unlike most previous launch-vehicle models, the geometry of the present con-
figuration is asymmetric; as a result, the center of gravity shifts in the X-Z
plane (see fig. 2) with variations in fuel load and staging of elements. Verti-
cal suspension of the model is necessary to obtain proper hydroelastic interac-
tions in the ET. Various support concepts and techniques were evaluated, includ-
ing those described in references 7 and 19, but none of these met all the
requirements.

The suspension and handling system developed for the present investiga-
tion is shown schematically in figure 17. It is an adaptation of the concept
described in reference 20. This system supports the model at the forward
SRB/ET interstages, minimizes the effects of the suspension loads on the model,
permits the model to assume its own equilibrium pitch attitude at any flight-
mass condition, optimizes suspension-system mass, and provides an integral
method of reconfiguring the model.

Two air springs, mounted in the model suspension cables, provide vertical
isolation. The air springs are rolling-diaphragm vibration isolators connected
to large-volume reservoirs. Rigid-body frequencies of the model, suspended on
the air springs, are less than 1 Hz. Because the rigid-body frequencies are
well below the lowest natural frequencies of the model, the suspension-system
effects can be neglected.

The model is lifted off the support carriage to conduct simulated free-
flight vibration tests and returned to a secured position (SRB tie-down) on the
support carriage to be serviced or reconfigured. 1In order to accomplish these
tasks, the main suspension cable connected to the air springs (see fig. 17) is
routed through an arrangement of sheaves to the main hydraulic cylinder used to
1ift or lower the model. The model is maintained in a vertical attitude during
transfer operations by a leveling cable system, indicated by dashed lines in
figure 17. The leveling cable is connected to the orbiter nose and routed paral-
lel to the main suspension cable. The leveling cable and the main suspension
cable are connected through a floating-hydraulic-cylinder and sheave arrangement
which changes the model pitch attitude by varying the distance between two
sheaves. During simulated free-flight vibration tests, the leveling cylinder
is fully extended to permit the model to assume its equilibrium attitude. The
slack leveling cable is then disconnected from the orbiter.



Data Acquisition and Reductiocon

The data acquisition system provides a means for controlling exciter input
force to the model, for monitoring signals from output accelerometers and input-
force gages on the model, and for performing onsite data reduction of model sig-
nals. A diagram of the data acquisition system network is shown in figure 18.
The system diagram is divided into three primary functions: excitation control,
response measurement, and data reduction.

Excitation control.- Typical exciter apparatus and installations are shown
in figure 19. Electromechanical shakers, which provide variable-frequency,
sinusoidal excitation force, were connected to the model by a flexible link. A
force gage, used to monitor the input force, is shown installed at the shaker
attachment to the model. A servocontrol and oscillator (fig. 18) were used to
maintain a constant exciter force. Each exciter was aligned with an orthogonal

axis (X, Y, or Z).

Response measurement.- Measurements of model response were obtained by
using piezoelectric accelerometers mechanically attached to the model at
selected locations. A typical triaxial accelerometer arrangement is shown in
the photograph of figure 20(a). Ninety-three fixed-position accelerometers
were used to provide overall coverage. Their locations and directions of mea-
surement are illustrated in the isometric sketch of the model in figure 20(b).
Most response measurements were made in the z-direction and the least were made
in the x-direction. Supplementary response measurements were made with a mova-
ble, vacuum-attached accelerometer. Input and response data were recorded in
groups of 14 channels. There were 10 prearranged groups which could be selected
in any desired sequence.

Data reduction.- Selected analog signals from accelerometers and force
gages could be displayed on meters, oscilloscopes, or plotted on a dual-pen
recorder for test control information. Additionally, a desk-top calculator/
plotter system was programmed to accept, process, and plot normalized-response
and phase data during dwell at a selected resonant frequency. Data transfer was
accomplished through an interface which multiplexed analog signals sequentially,
on command from the computer, through an ac-dc converter, a phase meter, and a
coincident-gquadrature (co-quad) analyzer to the calculator/plotter. Isometric
sketches of the-resonant mode shape were automatically plotted.

Modes of interest were identified by either the co-quad method, discussed
in references 21 and 22, or the Kennedy Pancu (phase-plane) method discussed in
references 23, 24, and 25. Some logarithmic-decrement damping data were taken,
but structural damping was determined from the phase-plane diagrams. For
selected modes, mode-shape plots were made from the measured response data.
Visual interpretation was enhanced by convenient scaling of the data.

Test Procedure

Two vibration-test procedures were used during the investigation, modal
tests and transfer-function tests. Modal tests were conducted for all the



flight conditions of the investigation, whereas transfer-function tests were
conducted at lift-off only.

Modal tests.- The modal tests were conducted by slowly sweeping the exci-
tation from 10 Hz to 130 Hz. The maximum frequency, 130 Hz, is equivalent tc
approximately 16 Hz for the full-scale vehicle. Responses of transducers located
on each of the model elements were recorded as plots of the variation in the
quadrature component of the output acceleration (out of phase with respect to
input force) as a function of frequency. Typical co-quad plots are shown in
figure 21. Resonant frequencies were identified by use of these plots. As
required, phase-plane plots of the response data were made over a small fre-
quency range in the vieinity of selected resonant peaks as shown in figure 22.
In this case, the quadrature component and the frequency are plotted as func-
tions of the coincident component of the output acceleration referred to input
force. The phase-plane data were used to evaluate modal purity, to more pre-
cisely determine resonant frequencies of closely spaced modes, to determine
modal amplitude, and to determine damping (ref. 22). The mode identification
and evaluation process is illustrated by the responses labeled A, B, and C in
figures 21 and 22. The responses labeled A and B are examples of interactive
modes with closely spaced frequencies (coupled responses). The response labeled
C is relatively uncoupled and due primarily to an SRB element mode.

This general test procedure was repeated for several exciter locations and
directions to excite both symmetric and antisymmetric modes. The exciter config-
urations utilized for the mated-vehicle-model vibration tests are listed in
table IV. 1In general, three techniques of excitation were used; one shaker, two
shakers in phase, or two shakers 180° out of phase. Constant input-force levels
in the range of 1 to 22 N were used during these tests.

Normalized acceleration vector plots were obtained during dwell at each
resonant frequency determined from the co-quad and phase-plane data. The accel-
eration vectors were plotted on a simplified isometric sketch of the model
(fig. 20) using the desk-top-calculator program. These plots illustrate the
characteristic motions.

Transfer-function tests.- Transfer-function tests were conducted by slowly
sweeping the excitation frequency through the range of 10 to 100 Hz and record-
ing responses at four selected model locations. Sinusoidal input force was
applied in areas considered to be potential sources of excitation during flight
of the full-scale vehicle; these sources are the orbiter main engines, orbiter
wings, and booster engines. Single- and dual-shaker configurations, similar to
those of the modal tests (table IV), were used to excite symmetric and antisym-
metric responses. Eleven exciter configurations were used. Transfer functions
were measured at locations considered to be important with respect to the instal-
lation of navigation and flight control equipment; these are forward bulkhead of
orbiter cabin, rear bulkhead of orbiter payload compartment, and both SRB aft
interstages. The measured responses were plotted as the variation in the quadra-
ture component of the output acceleration as a function of frequency.

Test conditions.- Vibration tests of the mated-vehicle model were conducted
for five conditions representing various stages of space shuttle flight from
1ift-off to orbit insertion. The test conditions are shown in table V. A four-
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element configuration consisting of two SRB's, the ET, and the orbiter was inves-
tigated at three mass conditions: 1lift-off, mid-boost (qpayx), and end-boost
(before SRB separation). A two-element configuration consisting of the ET and
the orbiter was investigated at two mass conditions: end-boost (after SRB sepa-
ration) and end-burn (before ET jettison). The corresponding masses of the fuel
and the element structure and the total mass for each test condition are also
shown in table V. Modal tests were conducted at each mass condition and
transfer-function tests were conducted at 1ift-off condition.

RESULTS AND DISCUSSION
Modal Data

The modal data (natural frequencies, mode shapes, and damping) obtained
during vibration tests are presented. The natural frequencies and mode shapes
are presented for the five flight conditions of the investigation. Modal-
density and structural-damping data are presented for typical conditions.

Natural frequencies and mode shapes.- The natural frequencies and mode
shapes are presented for three flight conditions of the mated four-element
configuration consisting of two SRB's, the ET, and the orbiter and for two
flight conditions of the two-element configuration consisting of the ET and
the orbiter. Selected modes dre discussed in the following sections. The
remaining modes are illustrated in the appendix.

Lift-off: The natural frequencies measured for lift-off mass are presented
in table VI. Also included in the table are the associated exciter configura-
tions (input code) and brief descriptions of the mode shapes obtained, with
applicable figure references. The descriptions are based on the more prominent
characteristics of the isometric plots of normalized acceleration obtained at
each resonant frequency during the tests. Figure 23 presents a sample of these
plots for selected symmetric and antisymmetric modes. The exciter configura-
tions used to obtain each mode are indicated by large arrows. The first mode
identified during sinusoidal tests of this configuration (mode 1) at 14.03 Hz,
shown in figure 23(a), is an antisymmetric mode in which three of the elements
(two SRB's and the ET) are rotating as rigid bodies in a coordinated manner
about their longitudinal axes much as a train of meshed gears (gear-train rota-
tion). The orbiter motion is a unitary rotation in phase with the ET. This
mode is probably unique for this type of multielement configuration in that it
is largely the result of local distortions in the vicinity of the element
interfaces.

The first symmetric mode (mode 3) at 17.50 Hz, shown in figure 23(b), is
the first bending mode of the ET in the pitch plane (X-Z) with rigid-body pitch-
ing of the SRB's and the orbiter in phase with the ET. The next mode (mode 4)
at 17.86 Hz, shown in figure 23(e¢), is also a symmetric mode and is unique in
that the SRB's are essentially counterrotating about a longitudinal node line
with simultaneous vertical translation (X-Z plane) of the ET and orbiter between
the SRB's. The overall motion is similar to that of a double rack-and-pinion
gear mechanism. There is also some bending distortion of the SRB's and the ET.
The antisymmetric mode (mode 7) at 24.37 Hz, shown in figure 23(d), has out-of-
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phase pitching of the SRB's and the first torsion mode of the ET. Combined

roll and yaw motion of the orbiter results from the ET node-line location between
the fore and aft orbiter connections. The first longitudinal mode (mode 8) at
25.32 Hz, shown in figure 23(e), is characterized primarily by inphase longitudi-
nal translation of the two SRB's and opposing longitudinal translation of the ET
and the orbiter. There is considerable pitching of the orbiter in the X-Z plane.

Many of the modes involve relative rotations or axial translations between
the mated elements about their interfaces and are probably accentuated by local
distortions of adjacent structure. Significant local deformations in the vicin-
ity of element interfaces would suggest the criticalness of their influence on
overall motions. Such local deformations are illustrated by modes 8, 12, 23,
and 29 shown in figures 23(e), 23(f), 23(h), and 23(j), respectively. Several
modes, such as mode 8 in figure 23(e), exhibit large pitching motions of the
orbiter nose about the aft interstage connection. A lateral (y-direction) trans-
ducer, located on the right side of the ET on the forward Orb./ET interstage
ring frame, indicates a significant deformation in the local frame area. By use
of a movable transducer, a brief survey verified circumferential deformation of
the ET ring frame occurring coincidentally with the forward orbiter motions.
Indications of similar local deformations near SRB/ET interstages are demon-
strated by the modes shown in figures 23(f), 23(h), and 23(j). These modes are
generally characterized by out-of-phase yaw or bending of the SRB's with the ET
and orbiter relatively stationary. Large lateral (y-direction) motions are indi-
cated by transducers at the forward and aft interstages of the SRB's relative to
similar motions of the ET structure at the corresponding points. This suggests
considerable distortion of the SRB skirt structure near the interstage
connections.

There was evidence of shell modes in the liquid-oxygen tank participating
in the response at several 1lift-off longitudinal or transverse modes. (See, for
example, fig. 23(g).) The shell modes are indicated by the vector patterns in
the mode-shape plots of transducers installed on the liquid-oxygen tank. In
some cases, shell responses tended to mask overall mode deflections. Results
of separate liquid-oxygen-tank shell mode studies verified the existence of many
shell modes within the frequency range of this investigation.

Mid-boost (maximum dynamic pressure): The measured natural frequencies and
predominant modal characteristics are summarized in table VII for the mid-boost
(maximum dynamic pressure q) mass condition. (See table V.) The tests were
conducted primarily below 100 Hz. The mode at 140.88 Hz (bottom of table VII)
was obtained specifically to provide a data point for SRB first torsion. Gener-
ally, the mode characteristics at the mid-boost condition are the same as at the
lift-off condition but at higher frequencies because of reductions in fuel mass.
For comparison with the lift-off condition, some of the transverse and longitu-
dinal mode shapes at mid-boost are shown in figure 24. The symmetric mode at
15.84 Hz (mode 2), shown in figure 24(a), is predominantly the opposing lateral
displacement (and bending) of the SRB's. A secondary general motion noted is
some counterrotation of the SRB's with coincidental vertical displacement (like
a rigid body) of the ET and orbiter.

The mode at 19.39 Hz (mode 4), shown in figure 24(b), is the y-direction
first bending mode of the ET with synchronous rigid-body yawing of the SRB's
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and the orbiter. The z-direction first bending mode of the ET for the mid-
boost condition occurs at 19.90 Hz (mode 5, shown in fig. 24(e)). There is a
shift in node lines of the elements for this mode when compared with the same
mode at the lift-off condition (mode 3, fig. 23(b)). The first longitudinal
mode (mode 8), first ET torsion mode (mode 9), and the symmetric y-direction
first bending mode of the SRB's (mode 23) at the mid-boost condition (shown in
figs. 24(d), 24(e), and 24(f), respectively) are quite similar to the same modes
at lift-off (fig. 23).

End-boost (before solid-rocket-booster separation): The measured natural
frequencies and predominant mode characteristics are summarized in table VIII
for the end-boost (before SRB separation) mass condition. Selected mode shapes
are illustrated in figure 25. The z-direction first bending mode of the ET
(mode 2) is shown in figure 25(a) for comparison with the corresponding mode at
the previous test conditions of the four-element configuration. The mode shapes
shown in figures 25(b), 25(c¢), and 25(d) are presented for illustration of a dif-
ficulty encountered occasionally during this investigation. There is coupling
between an SRB lateral mode (mode 5, table VIII and fig. 25(b)), a vehicle lon-
gitudinal mode (mode 6, table VIII and fig. 25(c¢)), and an orbiter pitching mode
(mode 8, table VIII and fig. 25(d)). In this frequency range it was not possible
to clearly isolate the longitudinal modes and orbiter pitching modes (figs. 25(e)

and 25(d)).

Mode characteristics at the end-boost condition are similar to those
obtained for the two previous test conditions (lift-off and mid-boost), and the
resonances occur typically at higher frequencies as propellant and fuel mass of
the SRB's and ET decrease (orbiter mass remains constant). The resonant fre-
quency for the principal modes of the elements generally increases with decrease
in fuel mass of the element for the three flight conditions of the four-element
configuration. Table V shows that the SRB mass decreases more rapidly than does
the ET mass for these three flight conditions. This explains the more rapid
inerease in mode frequencies of the SRB when compared to the ET for this range
of test conditions. (See tables VI, VII, and VIII.) It is also consistent that
mode frequencies of the orbiter are relatively unchanged.

End-boost (after solid-rocket-booster separation): The measured natural
frequencies and predominant mode characteristics summarized in table IX are for
the two-element configuration (ET and Orb.) at the mass condition just after
staging of the solid-rocket boosters (after SRB separation). The first mode for
this condition at 21.76 Hz (mode 1), shown in figure 26(a), is the first bending
mode of the ET in the X-Z plane (symmetric). The mode is quite similar to the
corresponding mode at lift-off (see fig. 23(b)) and includes the large orbiter
pitch rotation. There is evidence of distortion or bulging (out-of-phase
y-direction vectors) of the ET frame at the orbiter forward interstage which
coincides with the orbiter pitching motion. This local distortion is even more
prominent for the first longitudinal mode at 33.00 Hz (mode 3) shown in fig-
ure 26(b). Orbiter first bending and orbiter-wing first bending occur at
45,28 Hz and 50.08 Hz, respectively. (See figs. 26(c) and 26(d).) These mated
orbiter modes are in good agreement with the corresponding modes determined dur-
ing orbiter tests (ref. 16). Several antisymmetric rotational modes with coupled
torsional and beam-bending deflections are evident. (See, for example,
figs. 26(e) and 26(f).) In many of these rotational modes, deflections of
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the forward portion of the ET are greater than deflections of the aft portion
where the orbiter is attached.

End-burn (before external-tank jettison): The measured natural frequencies
and predominant mode characteristics determined for the before-ET-jettison condi-
tion (empty LO, and LH, tanks) are summarized in table X. Sample isometric mode-
shape plots are shown in figure 27. The first mode at 32.13 Hz (mode 1) for this
condition, shown in figure 27(a), shows large deflections (like a cantilever
beam) of the forward portion of the ET and opposing pitch motion of the orbiter.
This deflection characteristic also appears in several lateral and rotational
modes (figs. 27(b) and 27(f)). The first bending modes of the orbiter fuselage
(fig. 27(c)) and the orbiter wing (fig. 27(d)) are in good agreement with previ-
ously discussed test conditions. The first bending mode of the ET in the X-2
plane occurs at 63.16 Hz (mode 11), shown in figure 27(e). The five symmetric
modes, 42.91 Hz to 63.16 Hz (table X, figs. 27(e) and 27(e)), show some longitu-
dinal motion of the ET with opposing motion of either the orbiter, orbiter pay-
load, or the orbiter vertical fin.

Frequency variation with flight condition.- The trend of mode frequency with
change in vehicle mass (flight time) is shown in figure 28. The frequency at
which a characteristic mode of an element or elements was first noted is plotted
for each test condition of the simulated flight (1 to 5 on the abscissa). Condi-
tions 1 to 5 are mated-vehicle-model conditions. Also shown for comparison is
condition 6 which is the orbiter only case (ref. 16). Modes involving particular
elements of the model (SRB's, ET, and orbiter) are shown in figures 28(a) and
28(b). Figure 28(c) shows multielement rotation and longitudinal modes which
are unique for this mated configuration.

The SRB mode frequencies (fig. 28(a)) increase more rapidly relative to the
other elements due to the propellant depletion schedule for the four-element con-
figuration during boost (conditions 1, 2, and 3). The SRB propellant mass
decreases most rapidly during this period of flight. The ET mode frequencies
(fig. 28(b)) increase slightly to condition 3. The ET first torsion frequency
increases substantially at burnout (condition 3) and at separation (condition 4)
of the SRB's. At condition 5, the ET liquid-oxygen and liquid-hydrogen tanks are
empty and the first bending mode frequencies increase by a factor of nearly 3
over frequencies at condition 4. Frequencies for the orbiter modes remained
nearly constant throughout the range of conditions investigated (orbiter mass
is constant).

In general, all the rotational and longitudinal modes presented in fig-

ure 28(c) show moderate increase in frequency for conditions 1 to 3. After sepa-
ration of the SRB's (conditions 4 and 5), modes for rack-and-pinion motion and
orbiter roll are not evident, whereas a mode for gear-train motion is evident at
conditions Y4 and 5 (two-element configuration) at about twice the frequency for
the first three conditions. The first longitudinal mode frequency increases sig-
nificantly with the empty ET (condition 5). An orbiter pitching-mode frequency
remains constant over the entire range of conditions. These modes (fig. 28(c¢))
are closely grouped with near superposition in some cases. They are generally
within a 15-Hz bandwidth (15 to 30 Hz) which alsoc is in the same frequency range
as many of the ET modes (fig. 28(b)). The small frequency separation of these
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modes contributes to the difficulty of isolating the individual modes during
vibration tests.

Results of the vibration tests indicate an effect of local flexibilities
which unpublished static-locad tests help to explain. The static-load tests were
conducted to define the flexibility characteristics of local structure in the
vicinity of the interstages of the SRB and ET elements. Some pertinent results
should be mentioned here. It was determined that the deformation of structure
surrounding the interstages, and not of the attachment fittings themselves, is
the primary source of flexibilities which influence coupled vibration motions
of the elements. Furthermore, the local distortion flexibility of the ET at the
forward ET/Orb. interstage in the X-Z plane (312.7 nm/N) is the largest of all
the interstage areas; whereas, the local distortion of the ET at the aft ET/Orb.
interstage is comparatively very small (20.8 nm/N). As previously shown, the
load-carrying frames of the ET at the aft interstage are reinforced (stiffened)
by internal beams; whereas, the forward interstage frame has no such reinforce-
ment. (See fig. 13.) Therefore, the combination of a soft supporting structure
at the forward orbiter interstage with much stiffer support at the aft interstage
amplifies pitching motions of the orbiter, as noted in vibration test results.
(See figs. 23(e), 24(d), 25(d), 26(a), 26(b), and 27(a).)

Maximum distortions of the local structure in the vicinity of the SRB inter-
stages are about half those of the ET. The largest distortion coefficient deter-
mined for the SRB was at the forward interstage in the X-Y plane (156.6 nm/N).
This value is about four times that for the ET structure at the same interstage.
An example of the influence of this flexibility is illustrated by mode 12
(table VI and fig. 23(f)) in which vibration measurements indicate large out-of-
phase lateral displacement of the forward ends of the SRB's relative to indicated
displacement of adjacent ET structure.

The interdependence of these results from static and vibration tests substan-
tiate the importance of accurate determination of local flexibilities near ele-
ment interstages. The local distortion flexibilities of the interstage areas
could be critical teo the definition and understanding of lateral, longitudinal,
and rotational vibration modes of the mated shuttle model.

Modal density and structural damping.- Comparative mode-frequency spectrums
and damping factors are shown in figures 29 and 30 for flight conditions ranging
from lift-off through post ET jettison. Data are shown for three test conditions
of the present investigation, for which damping data are available, and also for
the orbiter-only case reported in reference 16. Modal density, which is shown in
figure 29, is considered high, particularly at the low frequencies and for the
four-element configuration. In general, modal density diminishes as the vehicle
is staged from lift-off through post ET jettison.

Structural damping values are presented in figure 30 for the same four test
conditions shown for modal-density comparisons (fig. 29). The damping factors
measured over the range of test frequencies vary over a broad band from about
0.005 to 0.03. The data generally indicate that damping increases slightly with
increase in frequency. Spot checks of the damping for the two test conditions
not shown, mid-boost and end-boost, indicated that values of the damping factor
are within the same range.
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Transfer-Function Data

Vibration transfer functions were obtained on the model at the lift-off
condition (four-element configuration). The relative response sensitivity of
some critical locations on the mated vehicle was evaluated for excitations at
places where dynamic-force inputs might be expected. Figure 31 shows comparisons
of all responses measured at three locations of the model. Figure 32 shows the
effects of the direction and location of the excitation on magnitude distribu-
tions of these responses.

Figure 31 shows the responses measured at response locations (a), (b), and
(¢), shown in the model sketch, for excitations applied at points 1, 2-2, and
3-3 in the model sketch. Results of measurements at a fourth location (d),
which are not presented in the figure, are the same as for location (e¢). The
responses, measured in the x-, y-, and z-directions (see shading code in model
sketch) for excitations in the x-, y-, and z-directions, respectively, are pre-
sented as spectral curves in terms of gravitational units per newton (g units/N)
of input force plotted against exciter frequency for each of the response loca-
tions of interest; (a) crew cabin, (b) payload aft compartment, and (c) the left
SRB aft interstage. The curves are point-to-point fairings of the averages of
the peak response levels in adjacent 0.5-Hz bandwidths. The orbiter cabin loca-
tion is the most responsive, whereas the SRB aft interstage locations are the
least responsive to the inputs.

The magnitude-distribution curves (fig. 32) have an ordinate which
is a function of the abscissa, with the ordinate given as the percent of the
peaks that exceed the magnitude of the peak response. Magnitude distribution
curves are shown for response measurements in the same direction as the direc-
tion of excitation at the four locations of interest. The largest responses
occur most often in the z-direction, and the smallest responses occur most
often in the x-direction. Figure 32(b) shows distribution curves for only
z-direction responses resulting from z-direction excitations. Only peaks above
0.04 g units/N are included. These responses are shown separately for each of
the three excitation points: engine, wings, and SRB's. The largest responses
occur most often for excitation at the wing tips, and the smallest responses
occur most often for excitation at the SRB skirts.

CONCLUDING REMARKS

Vibration characteristics of a 1/8-scale dynamic model of a preliminary
design for the multielement space shuttle vehicle have been determined experimen-
tally for frequencies up to 130 Hz (about 16 Hz full scale). Vibration tests of
the mated-vehicle model were conducted for five flight conditions representing
stages from lift-off to before ET jettison. This test envelope included four-
element (two SRB's, one ET, and one Orb.) and two-element (ET and Orb.) configu-
rations. Experimental results obtained support the following conclusions:

1. Local deformations in the region of interstages are critical to many com-
plex modes of the model.
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2. Modal density is high in the low-frequency range, but is reduced by
decreasing propellant masses and staging of elements.

3. In all cases the structural damping was found to be below 0.03.

L4, Transfer-function data show that the cabin area of the orbiter element
is highly responsive.

5. During boost (lift-off to SRB burnout), frequencies of the principal
modes associated with the SRB elements increase more rapidly than those of the
other elements.

6. Frequencies of principal modes associated with the ET element increase
very rapidly after SRB separation.

7. Frequencies of principal modes associated with the orbiter element are
nearly constant for all flight conditions.

8. Liquid-oxygen-tank shell responses and the close frequency spacing of
modes make the isolation and definition of some modes difficult.

Langley Research Center
National Aeronautics and Space Administration

Hampton, VA 23665
July 13, 1977
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APPENDIX

SUPPLEMENTARY MODE SHAPES

This appendix presents isometric sketches of the mode shapes obtained during
vibration tests of the 1/8-scale shuttle model but not shown or discussed in the
body of the paper. These mode shapes are presented without discussion to supple-
ment the abbreviated mode descriptions in tables VI, VII, VIII, IX, and X. The
supplementary mode shapes presented in the following figures are in the same
order as are the discussions of results for the five test conditions in the sec-~-
tion "Modal Data."

Figure
755 I v o s i 33
Mid-boost (maximum dynamic pressure) . . . e e e e e e e e e e 34
End-boost (before solid-rocket-booster separatlon) e e e e e e e e e e e 35
End-boost (after solid-rocket-booster separation) . . . . . . . . . . . . 36
End-burn (before external-tank separation) . . . . . « +v ¢« ¢« ¢« « « ¢ « « & 37
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TABLE I.- PERTINENT SCALING RELATIONS FOR 1/8-SCALE SHUTTLE MODEL

[Subscripts:

Physical quantity

Length or displaéeﬁént, L
Poisson's ratio, pu

Mass density, o

Modulus of elasticity, E
Strain, €

Area, A

Area moment of inertia, I
Mass moment of inertia, I'
Volume, V

Mass

Stress, O

Force, F

Hydrostatic pressure, p
Longitudinal stiffness, EA
Bending stiffness, EI
Torsional stiffness, bgyg

Acceleration, a

Frequency, f

f denotes full-scale vehicle;

1/8-scale model

Magnitude

m denotes}

Solid-rocket booster

Propellant

8Ly = Lf
Hp = Hp
Pp = Pr

Ee

k=
=
"

(e )
N
=
=
n

= 8ff

Str?ggure
8Ly = Lg
3Up = Ur
3Pm = Pp
3E, = Ef
3y = €¢
82An = 3Af
8h1, = 31
851 = 3If
83V, = 3Ve

30p = Of
82F, = Fp
82EgAn = Ephp
84Ty = Eplp
8%Ggdy = Gedyr
ap = 8ar
fm = 8f¢

External tank
and orbiter

8Ly = Lp
Hp = Uf
Pp = Pr
Ep = Ep
€n = €7
82A, = Af
ghr, = 1
851y = It
83vy, = Ve

83pme g PrVy

Om = Of
82Fy = Fp
8pm = pf

82EpAn @ EphAp
84E T, = Eplp
8%Gpdp @ Gedr

ap = 8ap

fp = 8ff

4Aluminum used in model to represent steel in full scale.

bG, modulus of elasticity in shear;

J, polar moment of inertia.




TABLE 'II.- TYPICAL GAGES OF MATERIAL IN COMPONENTS

OF 1/8-SCALE MODEL ELEMENTS

Element ébmponent

Thickness, cm

Solid rocket booster

Propellant cylinder casing

0.476
Forward skirt:
Frames . . . . . . . . . . 0.1016
Skin . . . . 0.1016
Aft skirt:
Frame . 0.157
Longerons . 0.157
Skin . 0.157
External tank
Liquid-oxygen tank:
Aft dome . . 0.0406
Aft dome (apex) e e e e . 0.1016
Cylindrical and conical shell . 0.0508
Upper dome 0.0635
Intertank skirt:
Forward frame . 0.1016
Interface frames 0.1016
Aft frame . . . . . . 0.1016
Skin . . . . . . .. . 0.0635
Lateral strut . . . . . 0.1016
Liquid-hydrogen tank:
Forward and aft dome 0.0508
Stiffener frames (angles) . 0.1016
Load frames (channels) 0.1016
. 0.0406

Skin .
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TABLE II.- Concluded

Element component

Thickness, cm

External tank

Aft ET skirt:

Stiffener frame . 0.1016
Aft frames e e e e e e e 0.1016
Skin . . ¢ ¢ 4 0 4 e e e e e 0.0508
Orbiter
Fuselage:
Bulkheads . 0.1016
Frames . 0.3175
Longerons (door) 0.0813
Keel beam (web) . 0.1016
Wing deck (carry through) 0.0508
Engine-thrust deck . 0.0406
Engine-thrust struts 0.0813
Skin -
Sides . 0.0508
Bottom 0.0635
Fin:
Spars (web) 0.0813
Closure rib (web) 0.0813
Skin 0.0508
Cargo door:
Frames e e e e e e 0.0813
Skin . . ¢ ¢ o v v e e e . 0.0406
Wings:
Spars . e e e e e e e e 0.0813
Ribs . . « ¢ ¢ ¢ v ¢ ¢ ¢« « . 0.0813
Skin e e e 0.0508




Component

Solid rocket booster
Propellant-cylinder assembly . . .
Propellant, lift-off (17-cm-thick layer)
Propellant, mid-boost (9-cm-thick layer)
Propellant, end-boost (2-cm-thick layer)
Forward-skirt assembly .
Aft-skirt assembly . . . . . .

External tank

TABLE III.- MASSES OF COMPONENTS OF 1/8-SCALE SHUTTLE MODEL ELEMENTS

Mass, kg

78.24
1066.17
698.65
169.53
6.99

15.79

Liquid-oxygen tank . . . . . . . « . &
Intertank skirt . . . . . « ¢« + « + o .

Liquid-hydrogen tank and external-tank

aft skirt, combined . . . .
Orbiter
Fuselage and fin . . . . . . .
Cargo-bay door . . . . . . . . . « . .

Wing panels (2), including ballast .

Payload unit . . . . . . « + « . « . .
Cabin ballast . . ¢« ¢« ¢ ¢ « « « o o &
OMS ballast . . ¢ ¢« ¢ o« o o o « =

{Fin ballast . . ¢ ¢ ¢« ¢ o o o o o o o s

14.33
16.33

49.90

Ly 40
5.28
29.14
58.17
26.65
23.31

2.72
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TABLE IV.- EXCITER CONFIGURATIONS FOR VIBRATION OF 1/8-SCALE SHUTTLE MODEL

2l

Exciter arrangement
Input
code Exciter |Number of | Phase relation, | Model element |Element station,
direction | exciters deg m
A X 2 0 SRB skirts (2) 5.5%5
B 2 180 SRB skirts (2) 5.535
C 1 Orb. engine 4.572
D 2 0 Orb. wing tips 4.115
E 2 180 Orb. wing tips 4,115
F y 1 SRB (1) 1.130
G y (My) 2 180 SRB (1) 1.130
H y 1 ET 2.129
I 1 Orb. nose 1.189
J 1 Orb. engine 4,572
K z 2 0 SRB's (2) 1.130
L 2 180 1.130
M 2 180 1 4,872
N 1 ET 2.129
0 2 0 2.129
P 2 180 ‘ 2.129
Q 1 Orb. nose 1.189
R 2 0 Orb. wing tips 4,115
S 2 180 Orb. wing tips 4,115
T 1 Orb. engine 4,572
U 2 180 Orb. nose 1.189




Ge

TABLE V.- MAJOR FUEL AND STRUCTURAL MASSES FOR 1/8-SCALE SHUTTLE MODEL TEST CONDITIONS

Model Test condition Fuel mass, kg Structure mass, kg Total
configuration : ; mass,
SRB-L SRB-R LO» LH> SRB's (2) ET Orbiter kg

Four-element Lift-off ' 1067.3 1065.0 1170.3 199.6 201.8 80.7 190.0 3974.7
Mid-boost (qgayx) 702.2 695.4 1049.6 174.6 201.8 80.7 190.0 3094.3
End-boost (before SRB separation) 167.8| 171.5 900.8(152.0| 201.8 [80.7| 190.0 |1864.6
Two-element |End-boost (after SRB separation) | 0 0 900.8 [152.0 0 80.7| 190.0 [1323.5
End-burn (before ET jettison) 0 0 0 0 0 80.7| 190.0 | 270.7




TABLE VI.- SUMMARY OF MEASURED VIBRATION MODES OF THE 1/8-SCALE

SHUTTLE MODEL AT LIFT-OFF

Mode |Input |Frequency,
code Hz
(a)
1 G 14.03
2 B 16.60
3 Q 17.50
4 G 17.86
5 H 20.64
6 G 22.25
7 M 24 .37
8 A 25.32
9 A 28.13
10 G 32.27
11 K 35.25
12 F 38.22
13 L 43.29
14 N 45 15
15 A 48.50
16 S 51.39
17 R 51.66
18 F 57.64
19 B 58.65
20 L 64.14
21 K 71.23
22 L 75.02
23 F 76.39
24 Q 81.23
25 Q 86.58
26 Q 96.99
27 L 117.50
28 K 124,60
29 F 129.48

Mode description

Gear-train rotation

ET y-direction 1st bending

ET z-direction 1st bending

Rack-and-pinion motion

Orb. roll, payload and wing not in phase

Orb. roll, payload and wing in phase

ET 1st torsion, Orb. wing and ET in phase

1st longitudinal

Orb. longitudinal

Orb. pitch, SRB roll and ET z-direction
translation are in phase

Orb. pitech, SRB roll and ET z-direction
translation are not in phase

SRB y-direction yaw and bending

SRB z-direction 1st bending

Orb. z-direction 1st bending

ET z-direction 2nd bending

Orb. 1st wing bending

Orb. 1st wing bending

Orb. y-direction 1st bending, SRB y-direction
1st bending

Fin y-direction, Orb. y-direction bending

ET 2nd torsion

ET z-direction 3rd bending, and SRB 1st
bending

ET torsion and SRB z-direction 1st bending

SRB y-direction 1st bending

Orb. z-direction

Orb. 1st torsion

Orb. payload pitch

ET torsion and SRB z-direction 2nd bending

SRB 1st torsion and z-direction bending

SRB y-direction 2nd bending and torsion

Figure

23(a)
33(a)
23(b)
23(e)
33(b)
33(e)
23(d)
23(e)
33(d)
33(e)

33(f)

23(f)
33(8)
33(h)
33(1)
33(3)
33(k)
33(1)

33(m)
33(n)
23(g)

33(0)
23(h)
33(p)
33(q)
33(r)
33(s)
23(1)
23(J)

26

4See table IV for input-code definitions.




Mode

W ONO0OUl =W —

21

22
23
24

TABLE VII.- SUMMARY OF MEASURED VIBRATION MODES OF THE 1/8-SCALE

Input
code

~
h
~—r

gHQuOFRGg-IT O

3 mHOGGQEE L]

o O >

Frequency,
Hz

14.72
15.84
18.68
19.39
19.90
23.08
24 .16
27.82
28.50
29.93
33.80
35.52

41.98

45.49
51.49
52.65
53.84
59.12
TH.71
78.68

83.30
87.40
89.08
96.12

140.88

SHUTTLE MODEL AT MID-BOOST (Qpax)

AS

AS

AS
AS

AS

AS

Mode description

Figure

Gear-train rotation

SRB y-direction translation and bending

Rack-and-pinion motion

ET y-direction 1st bending

ET z-direction 1st bending

Orb. roll, payload and wing not in phase

Orb. roll, payload and wing in phase

1st longitudinal

ET 1st torsion, Orb. wing and ET in phase

Orb. longitudinal

Orb. pitch, ET z-bending, and SRB roll

Orb. y-direction yaw, SRB's pitching out of
phase, ET torsion

Orb. z-direction 1st bending, ET z-direction
2nd bending

SRB y-direction yawing and bending

Orb. 1st wing bending

Orb. 1st wing bending

SRB z-direction 1st bending, fin y-direction

Fin y-direction, Orb. y-direction 1st bending

ET torsion, SRB y- and z-direction bending

ET z-direction 3rd bending, SRB 1st bending,
payload 1st bending

Orb. z-direction and ET z-direction 3rd
bending

Orb. 1st torsion

SRB y-direction 1st bending

Orb. payload pitch

SRB 1st torsion and z~direction bending

34(a)
24(a)
34(b)
24(b)
24(e)
34(e)
34(q)
2u(d)
24(e)
3U(e)
34(fF)
34(g)

34(n)

34(1)
34(3)
34 (k)
34(1)
34(m)
3U4(n)
34(0)

34(p)
34(q)
2U(rF)
34(r)

34(s)

8See table IV for input-code definitions.
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TABLE VIII.- SUMMARY OF MEASURED VIBRATION MODES OF THE 1/8-SCALE

SHUTTLE MODEL AT END-BOOST (BEFORE SRB SEPARATION)

Mode {Input |Frequency,
code Hz
(a) ,
1 F 18.39 AS
2 Q 20.40 S
3 K 26.23 S
4 F 26.27 AS
5 F 27.46 S
6 C 27.68 S
7 F 30.13 AS
8 C 32.34 S
9 A 32.42 S
10 F 32.50 AS
11 K 44 .50 S
12 L 45,33 AS
13 I 50.24 AS
14 K 52.69 S
15 I 61.58 AS
16 F 74.87 S
17 K 81.06 S
18 L 88.17 AS
19 U 89.30 AS
20 L ‘g4, 88 S
F 103.85 AS
F 130.05 S
dSee table

28

Mode description

Gear-train rotation

ET z-direction 1st bending
Rack-and-pinion motion

ET y-direction 1st bending

SRB
1st

Orb.
Orb.
Orb.
Orb.
Orb.

y-direction translation and bending
longitudinal (high coupling with mode 5)
roll
longitudinal and pitching
pitch, ET z-bending, and SRB roll
roll, payload and wing in phase
z-direction 1st bending

ET 1st torsion

Orb.
Orb.

Fin
SRB

Orb.

SRB

Orb.
Orb.

SRB
SRB

wing 1st bending

wing 1st bending
y-direction, Orb. y-direction 1st bending
y-direction yawing and bending
Z-direction
z-direction 1st bending

1st torsion

payload pitching

y—-direction 1st bending
y-direction 1st bending

IV for input-code definitions.

Figure

35(a)
25(a)
35(b)
35(e)
25(b)
25(e)
35(d)
25(d)
35(e)
35(f)
35(g)
35(h)
35(1)
35(3)
35(k)
35(1)
35(m)
35(n)
35(0)
35(p)

35(q)
35(r)




Mode

[\V]

w3 O Ul =W

O

10
11

12
13

14
15
16
17

TABLE IX.- SUMMARY OF MEASURED VIBRATION MODES OF THE 1/8-SCALE

Input

code
(a)

(s} o~~~ »} Hww O

0w

G HH

SHUTTLE MODEL AT END-BOOST (AFTER SRB SEPARATION)

Frequency,
Hz

21.76
28.59
33.00
33.40
31.14
45.28
50.08
51.75
53.97
60.87
61.30

67.40
78.37

80.10
89.88
94.90
107.60

AS

AS
AS

AS

AS

AS
AS

AS
AS
AS
AS

aSee table IV for input-code definitions.

Mode description

Figure

ET z-direction 1st bending, Orb. pitching, ET
bulging

ET y-direction 1st bending, Orb. yawing, fin
lateral

1st longitudinal

ET and Orb. gear-train rotation

Orb. payload and fin lateral motion not in
phase

Orb. z-direction 1st bending

Orb. wing 1st bending

Orb. fin lateral motion, out-of-phase wing
bending

Orb. fin pitching, payload translation,
fuselage 2nd bending

Orb. and ET y-direction 1st bending, fin
lateral motion

Orb. and ET gear-train rotation, out-of-phase
y-direction bending

Orb. wing yawing, fuselage y-direction bending

ET and Orb. gear-train rotation and Orb.
fuselage y- and z-direction bending. Wing
yawing in phase with fuselage and wing bend-
ing not in phase with fuselage rotation

ET 1st torsion, Orb. motion similar to mode 13

Orb. 1st torsion, ET rotation with torsion

Orb. payload y-direction yawing and bending,
fuselage torsion

n6(a)
36(a)
26(b)
36(b)
36(e)
26(c)
26(d)
36(d)
36(e)
36(f)
36(g)

36(h)
36(1)

26(e)
26(f)
36(3)
36(k)

29



TABLE X.- SUMMARY OF VIBRATION MODES OF THE 1/8-SCALE

SHUTTLE MODEL AT END-BURN (BEFORE ET JETTISON)

Mode {Input |Frequency,
code Hz

(a) -
1 T 32.13 S
2 Jd 35.65 AS
3 J 39.00 AS
4 T 42.91 S
5 8) Ly .76 AS
6 Q 51.33 S
7 11,d,8 51.81 AS
8 D 54.86 S
9 D 59.74 S
10 8) 61.21 AS
11 D 63.16 S
12 P 73.82 AS
13 S 77.45 AS
14 D 80.10 S
15 P 93.61 AS

Mode description

Orb. and ET pitching not in phase, ET bulging

Orb. and ET gear-train rotation and out-of-
phase yawing, fin lateral motion in phase
with wing

Orb. and ET same as mode 2, fin lateral motion
not in phase

Orb. z-direction 1st bending

‘Orb. and ET yawing and bending out of phase,

payload lateral motion

Orb. wing 1st bending

Orb. fin lateral motion

1st longitudinal, payload and ET not in phase

Longitudinal, Orb. and ET not in phase

Orb. y-direction 1st bending

ET longitudinal and z-direction 1st bending

Orb. wing yaw and roll, fuselage y-direction
bending

Orb. and ET gear-train rotation and wing bend-
ing not in phase with Orb. fuselage

Orb. fin pitching not in phase with fuselage
bending

ET y-direction 1st bending and payload yawing
out of phase

30

4See table IV for input-code definitions.

Figure

27(a)
27(b)

37(a)

27(e)
37(b)

27(d4)
37(e)
37(d)
37(e)
37(f)
27(e)
27(f)

37(g)
37(h)
37(1)
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Figure 2.- General arrangement of 1/8-scale shuttle model.
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L-77-256
Figure 4.- 1/8-scale ET assembly with SRB elements.

34







(%]
o

L-73-4241.1

Figure 6.- 1/8-scale orbiter element with cargo-bay door removed.
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Figure 8.- Schematic drawing of 1/8-scale ET element.
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Figure 10.- Schematic diagram showing points of load application and direction
at ET element for mated 1/8-scale shuttle model.
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(b) Aft interstage.

Figure 11.- Assembled Orb./ET interstage.




{a) Forward interstage. {b) Aft interstage.

Figure 12.- Assembled 1/8-scale SRB/ET interstage.
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Figure 14.- 3RB interstage and foward skirt structure.
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Figure 15.- SRB interstage and structure of ET intertank skirt.
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L-75-4777.1
Figure 16.- Mated 1/8-s3cale shuttle model installed in test facility.
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Figure 17.- Schematic drawing of suspension and handling system for vibration
tests of 1/8-scale shuttle model.
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| L-73-7743.1
Figure 19.- Typical exciter installations for vibration
of 1/8-scale shuttle model.
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L-73-7T44.1
(a) Typical triaxial arrangement. {b) Locations and directions of measurement.

Figure 20.~ Installation of accelerometers on 1/8-scale shuttle model.
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Figure 23.- Measured mode shapes for mated 1/8-scale shuttle model at lift-off.
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Figure 23.- Continued.
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Figure 24.- Measured mode shapes for mated 1/8-scale shuttle model
at mid-boost (gqpax) -
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Figure 25.- Measured mode shapes for mated 1/8-scale shuttle model
at end-boost (before SRB separation).
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Figure 26.- Measured mode shapes for mated 1/8-scale shuttle model at
end-boost (after SRB separation).
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Figure 26.- Concluded.
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Figure 27.- Measured mode shapes for mated 1/8-scale shuttle model
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Figure 27.- Continued.
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Figure 27.- Continued.
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Figure 27.- Continued.
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Figure 28.- Variations of resonant frequencies for several modes with flight
condition of 1/8-scale shuttle model.
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Figure 29.- Natural frequency spectrums obtained for 1/8-scale shuttle model
at typical flight conditions.
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Figure 30.- Structural damping obtained for 1/8-scale shuttle model

at typical flight conditions.
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Figure 31.- Response spectrums obtained at three locations during transfer-
function measurements of mated 1/8-scale shuttle model at lift-off.
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Figure 32.- Magnitude distributions of the peak responses obtained during transfer-
function measurements of mated 1/8-scale shuttle model at lift-off.
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Figure 33.- Supplementary mode shapes for 1/8-scale shuttle model at lift-off.
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Figure 33.- Continued.
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Figure 33.- Continued.
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Figuré’33.- Continued.
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Figure 33.- Concluded.
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Figure 34.- Supplementary mode shapes for 1/8-scale shuttle model
at mid-boost (qpay)-
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Figure 34.- Continued.
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Figure 34.- Continued.
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Figure 35.- Supplementary mode shapes for 1/8-scale shuttle model
at end-boost (before SRB separation).
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Figure 35.- Continued.
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Figure 35.- Continued.
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Figure 35.- Continued.
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Figure 36.- Supplementary mode shapes for 1/8-scale shuttle model
at end-boost (after SRB separation).
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Figure 36.- Continued.
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Figure 36.- Concluded.
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Figure 37.- Supplementary mode shapes for 1/8-scale shuttle model
at end-burn (before ET jettison).
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Figure 37.- Continued.
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